Introduction
The human β-globin gene cluster is located on chromosome 11 and encodes the five β-like globin genes: ε-, G γ-, A γ-δ-, and β-globin. These genes are expressed in a developmental stage-and tissue-specific manner, which is governed by a combination of transcriptional regulation and epigenetic tuning. 1, 2 Increased fetal γ-globin (HbF) levels in adulthood are associated with symptomatic amelioration in sickle cell disease and β-thalassemia, and consequently, intense efforts have focused on the mechanisms regulating γ-globin gene expression to enable strategies for γ-globin reactivation in hemoglobinopathy patients. 3, 4 HbF can be elevated in adults by chemicals such as hydroxyurea, azacytidines, and butyrates, although the exact molecular mechanisms mediating these responses remain unclear. 3, 4 Nevertheless, epigenetic regulation is known to be involved. A large body of evidence has shown that epigenetic marks generated by modification of the amino-terminal tails of histones play important roles in altering chromatin structure and function, thereby controlling the transcription of genes, including globin. These marks often communicate with each other and can be read by histone modification binding effectors and their associated complexes, dictating both active and repressive histone codes. 5 Histone lysines can be mono-, di-, or tri-methylated by the MLL or SET1 methyltransferase complex, and different modifications play diverse roles. 6 The WD40-repeat protein, WDR5, is a core subunit of the complex, and is required for complex assembly and methyltransferase activity. 6 Studies from yeast and mammals demonstrate that di-and tri-methylation of histone H3K4 (H3K4me2/3) are preferentially associated with transcribed regions of active genes, and are largely concurrent with the DOI: 10.3324/haematol.2012.061937 5 histone H3K36 methylation mark. 7 H3K4me1 is mainly enriched in more distal regions, such as enhancers and the 3'ends of genes. 8, 9 H3K4 methylation can be regulated by H3R2 methylation in cis and by H2B mono-ubiquitination in trans. 10, 11 However, the functions of histone H3K4 methylation still remain poorly understood.
Although H3K4 methylation is largely associated with transcription initiation and elongation, evidence is emerging that this mark could also be involved in gene repression.
In yeast, H3K4me2/3 induced by Set1 directly contributes to repressive machinery on the PHO5, PHO84, and GAL10-GAL1 genes. 12, 13 Recently, we have shown that the NuRD complex-associated protein PRMT5 can mediate the histone repressive mark, symmetric dimethyl H4R3 (H4R3me2s), which subsequently recruits DNMT3A, culminating in DNA methylation on the γ-globin promoter and gene silencing. 14, 15 In this study, we demonstrate that WDR5 binds the γ-globin promoter in a PRMT5-dependent manner and plays a role in γ-globin gene silencing.
Design and Methods
Cell culture K562 cells, 293T cells, human cord blood (CB) and bone marrow (BM) erythroid progenitors from healthy donors were cultured as described previously. 15 For BM culture conditions, isolated CD34+ cells were grown in StemSpan SFEM medium with 1X CC100 cytokine mix for 6 days, and then reseeded into the same medium supplemented with SCF (20 ng/ml), EPO (1 U/ml), IL-3 (5 ng/ml), dexamethasone (2 μM) and β-estradiol (1 μM) for two more weeks. Cell surface marker analyses with CD71 and Glycophorin A indicated that cultured cells were greater than 90% erythroid lineage.
Human BM and CB were collected under approval by the Melbourne Health Human
Research Ethics Committees.
Mass spectrometry analysis and Protein interaction studies
Proteins of interest were excised from SDS-PAGE and analyzed by mass spectrometry as described previously. 14 Immunoprecipitation, immunoblotting, and GST pull-down assays were performed as described previously. 16 Antibodies utilized in the immunoprecipitations were: FLAG (Sigma-Aldrich), HA (Roche), PRMT5, WDR5 and MLL2 (Abcam), HDAC1 and ING2 (Santa Cruz).
Size exclusion chromatography
Size exclusion chromatography was performed on a calibrated Superose 12 HR 10/30 gel filtration column, and 500 μ l fractions were collected. Fractions were concentrated by TCA precipitation, electrophoresed on 12% SDS-PAGE, transferred to a PVDF membrane, and analyzed by Western blot with selected antibodies.
ChIP analysis
ChIP assays were performed as described previously. 14 
RNA interference and viral infection
The siRNA target sequences for WDR5, RbBP5 and ING2 were inserted into the XhoI/HpaI sites in the pLL3.7 lentiviral vector according to the manufacturer's recommendations (American Type Culture Collection, USA). The targeting oligonucleotides were: WDR5-KD1 sequences: GTGGAAGAGTGACTGCTAA; WDR5-KD2 sequences: GAATGAGAAATACTGCATA;
ING2-KD sequence: GCTTATGCAACCAAGTGTCTT.
Retrovirus or lentivirus production in 293T cells and infection of K562 cells or erythroid
progenitors from BM were performed as described previously. 16 Erythroid progenitors from BM were infected with viral supernatants at day 6 and transduced cells were selected for GFP expression by FACS at day 12 followed by one more week of culture before collection. Transduced K562 cells were also selected for GFP expression by FACS.
RNA extraction and Quantitative real time PCR (Q-RT-PCR)
Total RNA was isolated from cells with Trizol reagent (Invitrogen). cDNA was generated using the reverse transcription system (Promega). The identities of the amplified bands were confirmed by sequencing. PCR conditions and primers were described previously, 14 and all samples were run in triplicate. cDNA was analyzed by quantitative real-time PCR using the FastStart Universal SYBR Green Master (Roche). A standard curve was prepared for each set of primers using serial titration of cDNA from K562 cells. The relative expression was calculated from primer-specific standard curves using the Rotor-Gene 6000 Series Software 1.7.
For BM samples, plasmid DNA encoding γ-globin or β-globin was used to generate the standard curve for determination of copy number. The number of molecules per nanogram total RNA from BM cells was calculated from standard curves using the Rotor-Gene 6000 Series Software 1.7. Q-RT-PCR primers for WDR5, ING2 were: Student's t-test was used to derive the significance of the differences between mean 9 values.
Results

NF-E4 interacts with WDR5 on the human γ-globin promoter
In previous studies, we had shown that human erythroid transcription factor, NF-E4 could play a dual role, by either activating or repressing human γ-globin gene expression. 16, 17 In a co-immunoprecipitation experiment followed by mass spectrometry in which PRMT5 was identified as an NF-E4 interacting protein, 14 another polypeptide, TLIDDDNPPVSFVK, corresponding to the human WDR5 protein was also isolated ( Figure 1A ). To confirm that NF-E4 interacted with WDR5, endogenous proteins from K562 cells or cell lysates from HA or Flag-tagged NF-E4 or WDR5 transfected 293T cells were analyzed by immunoprecipitation-Western blot experiments. The two proteins were shown to interact in both of these settings ( Figure 1B , 1C, and 2C). However, GST pull-down assays failed to demonstrate a direct interaction between NF-E4 and WDR5, indicating that the association of the two factors was likely to be mediated through an intermediary protein ( Figure 1D ). Despite this, WDR5 and NF-E4 were able to localize on the γ-globin promoter, but not the MyoD promoter in K562 cells as determined by ChIP analysis ( Figure 1E ).
WDR5 binding on γ-promoter is PRMT5-dependent
In view of our previous studies, 14 we postulated that PRMT5 might serve as the bridging protein between NF-E4 and WDR5. To evaluate this, K562 cell lysate was immunoprecipitated with PRMT5 antibody and blotted with WDR5 antibody. We showed that WDR5 could be immunoprecipitated by PRMT5 in these cells, but not by control IgG (Figure 2A ). To determine whether this interaction was direct, we performed a GST pull-down assay. GST-PRMT5 was able to pull-down IVTT 35 S-labeled WDR5, whereas GST alone did not ( Figure 2B ). To examine whether the interaction of NF-E4 and WDR5 was PRMT5-dependent, we utilized K562 cells in which the expression of PRMT5 had been knocked down (PRMT5-KD) using a short hairpin (sh) RNA approach 15 . These cells demonstrated a reduction in PRMT5 levels to less than 20% of a scrambled (Scr) control shRNA transduced K562 cell line ( Figure 2C ). As expected, immunoprecipitation with anti-NF-E4 antisera resulted in 8-fold less PRMT5 in the precipitate from the PRMT5-kd cells compared with control ( Figure 2C ). Similarly, a 6-fold reduction of WDR5 was also evident in the immunoprecipitate from PRMT5-kd cells suggesting that PRMT5 was critical for the NF-E4/WDR5 interaction ( Figure 2C ).
Consistent with this, ChIP experiments demonstrated that WDR5 binding to the γ-globin
promoter was significantly decreased in PRMT5-kd cells compared to the scramble control, whereas NF-E4 binding remained similar in the two lines ( Figure 2D ). Taken together, these results indicated that the WDR5 interaction with NF-E4 was PRMT5-dependent.
WDR5 represses human γ-globin gene transcription
To determine the effect of WDR5 on γ-globin gene regulation, we established stable K562 cell lines transduced with either an empty vector, or a vector overexpressing WDR5 (WDR5-OE) ( Figure 3A ). Human γ-globin gene expression was quantified by Q-RT-PCR from total RNA in these cells, and demonstrated a 3-fold reduction compared with the control line ( Figure 3B ).
To examine the effects of reduced WDR5 expression, we generated two WDR5 knockdown (WDR5-KD) K562 cell lines using a specific shRNA, and a scrambled control construct. In the knockdown lines, WDR5 levels were reduced to about 30% of the Scr cells ( Figure 3C ), and Q-RT-PCR demonstrated a greater than 6-fold increase in γ-globin expression in these cells compared to control ( Figure 3D ). WDR5 has been shown to be a master regulator of HOX genes, such as HOXC8. 18 In agreement with a previous report, 18 enforced expression of WDR5 induced HOXC8 expression, whereas WDR5-KD cells showed reduced expression of HOXC8 (Supplementary Figure 1A) .
WDR5 is a key component of the MLL complex, and has been shown to bind arginine 2 in histone H3 leading to methylation of lysine 4. 6 In K562 cells, co-immunoprecipitation experiments demonstrated that WDR5 could interact with the MLL2 methyltransferase ( Figure 3E ). To study the global effect of WDR5 on histones in K562 cells, Western blot analyses with specific antibodies were performed with WDR5-OE and WDR5-KD cells.
As shown in Supplementary Figure 2 , and consistent with previous reports, 18, 19 histone H3K4 di-and tri-methylation were significantly increased in a cell line overexpressing WDR5 and were decreased in the knockdown line compared to the scrambled control, whereas a modest effect was observed with histone H3K4 mono-methylation. To test whether these global changes in histone marks induced by altered levels of WDR5 were evident on the γ-globin promoter, we performed ChIP experiments with the WDR5-OE and WDR5-KD cells. We observed that only H3K4 tri-methylation was substantially reduced in WDR5-KD cells, whereas mono-and di-methylation of H3K4 displayed little change ( Figure 3F ). To further confirm that methylation of H3K4 induced by WDR5 was directly linked with γ-globin gene expression, we established stable K562 cell lines expressing two WDR5 mutants (F133A or Y191F) ( Figure 3G ) 20 in addition to our WDR5-OE (WT) line. The F133A mutation disrupts MLL association with the complex, whereas the Y191F mutation maintains the complex, but significantly reduces histone methyltransferase activity on H3K4. 20 Consistent with previous studies, H3K4me3 was no longer increased at γ-globin promoter in F133A or Y191F cells compared to WDR5-OE (WT) cells ( Figure 3H ), and γ-globin expression was also maintained in the WDR5 mutant cells compared with the wild type controls ( Figure 3I ). These results indicated that WDR5 mainly induced histone H3K4 tri-methylation on the human γ-globin promoter, which is important for modulating γ-globin expression.
WDR5 interacts with ING2-HDAC1 enhancing their binding at the γ-promoter
Although histone H3K4 tri-methylation is regarded as an active marker in most contexts, it can also be recognized by the ING2 protein, which associates with the repressive Sin3A-HDAC1 complex. 20 To assess the effect of WDR5 on other histone modifications, we performed ChIP assays with antibodies against acetylated H3 and acetylated H4, and the H4R3me2s and H3K9me3 marks. We showed that both H3 acetylation and H4 acetylation were significantly increased in the WDR5-KD line compared to the scrambled control ( Figure 4A ), consistent with WDR5's repressive role on γ-gene expression. The histone mark H4R3me2s mediated by PRMT5 was also reduced. We also observed a significant reduction of H3K9me3 in the WDR5-KD line compared to control, commensurate with the repressive effect of WDR5 ( Figure 4A ). Intriguingly, PRMT5
binding to the γ-globin promoter was not changed in WDR5-kd cells compared to the scramble control ( Figure 4B ), suggesting that the PRMT5 methyltransferase activity or complex might be perturbed under conditions of reduced levels of WDR5. Histone acetylation has been shown to play a critical role in globin gene regulation. 2 To test whether WDR5 can form a complex with HDAC1 and ING2, we performed immunoprecipitation studies using WDR5 or ING2 antibodies on K562 cell lysates. We found that WDR5 could interact with both ING2 and HDAC1 ( Figure 4C, 4D ). This is consistent with our previous observation that NF-E4 can also interact with HDAC1. 17 To confirm that WDR5 and ING2 formed a multi-protein complex with PRMT5 in vivo, we performed gel filtration chromatography with cellular extracts from K562 cells expressing Flag-tagged PRMT5, and analyzed fractions by Western blot ( Figure 4E ).
Both WDR5 and ING2 could be co-eluted with PRMT5, although the peak of the elution profiles did not exactly overlap, suggesting that PRMT5 also participates in another complex in these cells. 15 To determine whether the interaction of ING2 and HDAC1 with WDR5 occurred on the γ-promoter, ChIP experiments with specific antibodies were performed in WDR5-OE K562 cells. We found that ING2 and HDAC1 binding to the γ-promoter were markedly increased in the overexpression line compared to the vector control cells (Fig. 4F ). Binding of HDAC1 on the HOXC8 promoter showed no change in Figure 4H ). In contrast, ING2 did not affect HOXC8 expression at this reduced level (Supplementary Figure 1B) . Hence, we hypothesized that the HDAC1-containing ING2 protein complex might recognize the histone H3K4me3 mark induced by WDR5 in this context, acting to repress γ-globin gene expression.
Knock-down of WDR5 reactivates γ-globin gene expression in human adult erythroid cells
Human γ-globin gene expression gradually declines after birth, and is almost absent in adult erythroid progenitors from bone marrow. To ascertain whether WDR5 played a role in the developmental globin gene expression program, we compared WDR5 binding to the γ-promoter in human erythroid progenitor cells from cord blood (CB, γ-globin "on" state) and adult bone marrow (BM, γ-globin "off" state) 14 utilizing a WDR5 antibody for ChIP analysis. WDR5 levels on the γ-promoter in BM erythroid progenitors were more than 7-fold higher than in CB ( Figure 5A ), which is consistent with the repressive role of WDR5 on γ-globin genes. In keeping with this, NF-E4 occupancy on the γ-promoter in BM erythroid progenitors was significantly higher than in CB ( Supplementary Figure 4) .
We then examined the distribution of WDR5 across the β-globin locus in BM erythroid progenitors using primer pairs spanning key regions of the locus. We assessed the hypersensitive sites (HS1-4) of the locus control region (LCR), the ε-, γ-, and β-globin promoter, and the intergenic region between the G γand A γ-genes. Increased WDR5 binding was observed on the ε-, γ-, and β-globin promoters, and on the intergenic region between the G γand A γ-genes compared to the HSs or the adjacent olfactory receptor 51B4 (OR51B4) promoter ( Figure 5B ). We also observed a similar binding pattern of WDR5 across the β-globin locus in CB (Supplementary Figure 5 ), suggesting that other key factors such as BCL11A, SOX6, or EKLF may contribute to developmental switching. 21 However, a significant differential between the γ-promoter and the other enriched globin sequences was also evident ( Figure 5B ).
To examine the effects of altered expression of WDR5 and ING2 in BM erythroid progenitors, we utilized specific shRNAs in lentiviral vectors to knock down the levels of the individual proteins. WDR5 expression was reduced to 40% of a scrambled control ( Figure 5C ), and ING2 was reduced to 10% of control ( Figure 5D ). The expression of γ-genes was increased 2.5-fold in the WDR5-KD cells and almost 4-fold in the ING2-KD cells, reflecting the degree of knockdown achieved with the respective shRNAs.
Expression of the β-globin genes in these cells was not altered ( Figure 5E ). These results suggest that WDR5 may play an important role in the human globin gene expression program.
Discussion
Histone methylation marks have been correlated with both gene activation and silencing, and are dependent on context. 5 WDR5 is a key component of the MLL complex, which methylates histone H3K4. In the current study, we showed that WDR5 could induce γ-globin gene transcriptional repression through tri-methylation of histone H3K4. The H3K4me3 mark can be recognized by the PHD finger protein ING2, which coordinates with HDAC1 to deacetylate histones, thereby condensing the local chromatin. Although histone H3K4 methylation is preferentially distributed at the 5' end of the coding regions of many genes, and generally correlates with transcriptional activation, numerous silenced genes have been shown to display this mark. In genome-wide studies from human T cells, H3K4me3 islands were detected in about 60% of silent promoters. 9
H3K4me3 is enriched around transcription start sites of both active and repressed genes in mouse embryonic stem (ES) cells 22 , and in differentiated mouse erythroleukemia (MEL) cells, H3K4me3 is decreased at the β maj -globin promoter 23 affirming that H3K4me is not always linked to gene activation.
The bivalent modification proposed during differentiation in ES cells may partially explain this. In mammalian ES cells, concurrent H3K4me3 and H3K27me3 (polycomb-related histone mark) on the same nucleosomal DNA maintains the gene in a state poised for activation even if it is silenced temporarily. 24 This bivalency is prevalent in circumstances where differentiation may be inhibited, but a quick response to reprogramming may be needed. 25, 26 However, these two marks appear to be separated and show spatial and temporal aspects in Xenopus embryos, demonstrating a hierarchy in epigenetic and transcriptional regulation. 27 In the current study, we did not find co-occurrence of H3K4me3 and H3K27me3 on the γ-promoter (data not shown). This is consistent with the fact that HP1 protein was not found in the PRMT5 complex in K562 cells. 15 However, we observed co-occurrence of H3K4me3 and H3K9me3. Although H3K4 methylation and H3K9 methylation often display reciprocal states, 28 it has been reported that H3K4me3 and H3K9me3 can colocalize in the globin coding region. 29, 30 At the clock protein Rev-erbα promoter, knockdown of WDR5 also resulted in reduction of both histone H3K4 and H3K9 methylation. 31 Indeed, peptide binding and pulldown assays have shown that methylated H3K9 peptide has the potential to bind WDR5. 18, 32 Intriguingly, LSD1, an H3K4 methyl eraser, 33 is capable of demethylating H3K9 in an androgen receptor-dependent manner. 34, 35 It would be interesting to determine which H3K9 methyltransferase or demethylase is functional for the mark in the globin context.
The methylation of histone H3K9 and H3K4 seem to function distinctly in a setting where they co-occur on the promoter. In fact, the levels of both H3K4me3 and K3K9me3 at the γ-promoter are low when γ-globin is actively transcribed. 30 The physiological relevance of this kind of bivalent modification awaits further investigation.
Molecular effectors that read the epigenetic H3K4me3 mark are emerging. In the setting of transcriptional activation, PHD finger proteins, BPTF, RAG2, and Yng1 can read H3K4me3 specifically, and positively regulate their target genes. 5, [36] [37] [38] Recently, the TAF3 subunit of TFIID complex has been shown to bind H3K4me3, thereby directly connecting the H3K4me3 mark with transcription. 39 Conversely, H3K4me3 can also associate with gene repression. A genetic screen in Caenorhabditis elegans found that Set1 can be involved in gene silencing by an ncRNA-mediated mechanism. 40 In addition, it has been shown that H3K4me2/3 induced by Set1 in yeast can recruit RPD3S, inhibiting pre-initiation complex formation and attenuating GAL1 induction. 13 We present data here indicating that at the γ-promoter H3K4me3 induced by WDR5 can be recognized by ING2 and can be coupled with deacetylation of both histone H3 and H4.
This resembles Cyclin D, which is silenced by the Sin3A-HDAC1 complex containing protein ING2 coupled with H3K4me3 binding. 20, 41 Thus, H3K4 methylation can either upregulate or downregulate transcription, providing a two-way regulatory mechanism where this single histone mark can be translated with opposing activities. This phenomenon may be a common feature for the cell to rapidly adapt to environmental or physiological changes such as developmental or stress signals. 5 The SET1/MLL complex is responsible for histone H3K4 methylation in mammals, and the plasticity of the WDR5 molecule plays an important role in the scaffolding for the SET1 complexes in regulating various developmental programs. 42 In addition to WDR5, several other components such as RbBP5 and Ash2 are also important for SET1/MLL methyltransferase activity. 6 Interestingly, recent studies indicated that WDR5-RbBP5-Ash2 could act separately from SET1/MLL methyltransferase as seen in the regulation of the nuclear receptor co-regulator-interacting factor 1 (NIF-1). 43 In addition, WDR5 can function as a subunit of other non-methyltransferase-related nuclear complexes, such as CHD-containing chromatin remodeling complex or ATAC and MOF histone acetyltransferase complexes. [44] [45] [46] Our study demonstrates that WDR5 can directly bind to PRMT5 and associate with the HDAC1-ING2 components at the γ-promoter. We 
